Intraseasonal tropical variability has important implications for the mid-and high-latitude atmosphere, and in recent studies has been shown to modulate a number of weather processes in the Northern Hemisphere, such as snow depth, sea ice concentration, precipitation, atmospheric rivers, and air temperature. In such studies, the extratropical atmosphere has tended to respond to the tropical convection of the leading mode of intraseasonal variability, the Madden-Julian oscillation (MJO), with a time lag of approximately 7 days. However, the time lag between the MJO and the Antarctic atmosphere has been found to vary between less than 7 and greater than 20 days. This study builds on previous work by further examining the time-lagged response of Southern Hemisphere tropospheric circulation to tropical MJO forcing, with specific focus on the latitude belt associated with the Antarctic Oscillation, during the months of June (austral winter) and December (austral summer) using NCEP-DOE Reanalysis 2 data for the years 1979-2016. Principal findings indicate that the time lag with the strongest height anomalies depends on both the location of the MJO convection (e.g., the MJO phase) and the season, and that the lagged height anomalies in the Antarctic atmosphere are fairly consistent across different vertical levels and latitudinal bands. In addition, certain MJO phases in December displayed lagged height anomalies indicative of blocking-type atmospheric patterns, with an approximate wavenumber of 4, whereas in June most phases were associated with more progressive height anomaly centers resembling a wavenumber-3-type pattern.
Introduction
Weather patterns have traditionally spanned time scales from subdaily up to biweekly, and climate patterns have spanned time scales from seasonal to multidecadal and beyond. The period between the biweekly and seasonal, known as the intraseasonal time scale, acts as a bridge between weather and climate (Jones et al. 2015) , and it includes phenomena such as the tropical Madden-Julian oscillation (MJO; Madden and Julian 1972) and many extratropical teleconnections (Wallace and Gutzler 1981) . The convectively active phase of the MJO manifests itself as a region of eastwardpropagating large-scale convective cloud clusters approximately 10 000 km in horizontal extent that typically initiate in the tropical Indian Ocean, move eastward across the Maritime Continent, and dissipate in the tropical Pacific Ocean. On either side of this region of enhanced convection are regions of suppressed convection, connected to the enhanced convection by overturning tropospheric circulation cells. A Rossby wave teleconnection to the extratropics forms as a consequence of the diabatic heating in the tropical upper troposphere produced by the MJO convective region (Hoskins and Karoly 1981; Sardeshmukh and Hoskins 1988; Ferranti et al. 1990; Bladé and Hartmann 1995; Jin and Hoskins 1995; Seo and Son 2012) . This teleconnection yields profound associations between the MJO and the extratropics (Roundy 2012; Zhang 2013) . Indeed, the character of mid-and high-latitude weather at lead times longer than approximately 5 days can be greatly influenced by the temporal and geographic evolution of MJO convection in the tropics Mo and Higgins 1998a; Hendon et al. 2000; Paegle et al. 2000; Branstator 2002; Jones et al. 2004; Weickmann and Berry 2007; Schreck et al. 2013) . Of particular focus for this study is the potential for associations between the MJO and weather patterns in the extratropical Southern Hemisphere.
Given its connections with extratropical circulation, much attention has been given recently to the interaction between the MJO and many of the leading modes of extratropical variability. For the Northern Hemisphere, the MJO is known to associate with the polarity of the North Atlantic Oscillation (Cassou 2008) , the Arctic Oscillation (Zhou and Miller 2005; L'Heureux and Higgins 2008) , and the Pacific-North American pattern , as well as flow blocking patterns around Greenland (Henderson et al. 2016 ) and the North Pacific (Moore et al. 2010) . Indeed, via its interaction with large-scale circulation, the MJO has been shown to modulate a number of weather processes in the Northern Hemisphere, such as snow depth (Guan et al. 2012; Barrett et al. 2015; Li et al. 2016) , sea ice concentration (Henderson et al. 2014) , precipitation (Donald et al. 2006) , atmospheric rivers , and air temperature (Vecchi and Bond 2004; Seo et al. 2016; Zhou et al. 2016) .
Similar attention has been given to important interactions between the MJO and leading modes of variability of the Southern Hemisphere atmosphere. Tropical convection between the Indian Ocean and Australia can force a wave train extending eastward and poleward across the Pacific, reaching South America (Kiladis and Weickmann 1992a,b; Berbery and NoguesPaegle 1993; Kiladis and Weickmann 1997; Mo and Higgins 1998b) . These Rossby waves generated by tropical MJO convection are responsible for observed intraseasonal variability in the meridional wind component at 500 hPa over the southeast Pacific (Renwick and Revell 1999) and summer precipitation (Paegle et al. 2000) and temperature (Jacques-Coper et al. 2015) over South America. Surface westerly winds around almost the entire 608S latitude circle accelerate during austral winter (JJA) approximately 7 days after anomalous MJO convection peaks in the Indian Ocean (Matthews and Meredith 2004) . That variability is connected to the southern annular mode (SAM; Limpasuvan and Hartmann 1999) , and results in a maximum in circumpolar ocean transport 3 days after the peak in the SAM. Furthermore, negative Antarctic Oscillation (AAO; Sun et al. 2017; Gong and Wang 1998, 1999) events are associated with tropical convection in the tropical Pacific Ocean. Both El Niño and eastward-propagating MJO events (Sobel and Maloney 2013) can excite negative AAO occurrences during austral summer (DJF) as poleward-propagating Rossby waves decrease 700-hPa heights around 458S and increase 700-hPa heights over Antarctica (Carvalho et al. 2005) . Indeed, a relationship exists between the MJO and austral winter (JJA) midtroposphere circulation and accumulated precipitation in Chile (Barrett et al. 2012) , although that study did not examine time lags. Those lags were examined to connect the MJO to dominant weather regimes over New Zealand, although substantial variability exists in the time lag between tropical MJO convection and the extratropical signal (Fauchereau et al. 2016) . For example, some of the strongest time-lagged responses in the extratropical geopotential height field were seen 15-20 days after MJO active convection, suggesting that better understanding and predictions of MJO could lead to improvements in weather predictability on those time scales.
This current study builds on those previous results by examining the time-lagged evolution of Southern Hemisphere tropospheric circulation with active MJO events. The specific focus here is in the mid-to high latitudes, in the latitude belt associated with strongest variability of the AAO (Fig. 1) . The primary objective of this study is to examine the concomitant evolution of the midlatitude response, illustrated by extratropical height anomalies, under different phases of the MJO. This time lag has been suggested at 7-10 days between the AAO and the MJO, with AAO polarity responding most strongly 7-10 days after MJO convection (Flatau and Kim 2013) , and out to 20 days between MJO convection and extratropical circulation (Fauchereau et al. 2016) . We focus on differences in time lags between austral summer (DJF, when the MJO is most convectively intense; Lafleur et al. 2015) and austral winter (JJA, when extratropical circulation is strongest in the Southern Hemisphere). The remainder of this paper is organized as follows: data and methodology are presented in section 2, results are presented in section 3, and a discussion and the conclusions are presented in section 4.
Data and methodology
The analyses in this study were based on two publicly available datasets. First, the intensity and position of the MJO was determined according to the daily Real-time Multivariate MJO (RMM) index (Wheeler and Hendon 2004 ; http://www.bom.gov.au/climate/mjo/). The RMM index divides the MJO into eight phases, each one corresponding to a broad geographic location of the MJO's enhanced equatorial convective signal derived from 850-and 200-hPa zonal wind and outgoing longwave radiation. The index is designed such that the oscillation generally progresses eastward as phase number increases, from phase 1 to 8 and back to phase 1 again. For this study, days when the RMM amplitude was greater than 1.0 were classified as ''active'' MJO days, while days during which the RMM magnitude was less than or equal to 1.0 were classified as ''inactive'' MJO days and were referred to as ''phase 0.'' It is important to note that the RMM index is not without limitations. For example, the use of a single pair of EOFs helps provide simplicity, but it cannot capture subtle differences of every MJO event, which evolve with varying structures (Ventrice et al. 2013 ). Furthermore, higher-frequency noise may also be present in the index as a result of the lack of a bandpass time filter (Roundy et al. 2009 ). Additionally, the RMM index relies on large-scale circulation patterns for MJO detection and may not detect MJO initiation when these signals are absent (Straub 2013) . Last, meridional averaging of OLR signals may pose difficulty in detecting MJO shifts across hemispheres (Ventrice et al. 2011) . Despite these limitations, the RMM index has been successfully used in multiple other studies to identify modulations in the extratropical atmosphere [see reviews by Zhang (2005 Zhang ( , 2013 ], and here we use the RMM to classify the large-scale character of the MJO.
Second, atmospheric data were obtained from the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE) Reanalysis 2 (Kanamitsu et al. 2002 ; https://www.esrl.noaa.gov/psd/data/gridded/data.ncep. reanalysis2.html). Daily values of 300-, 500-, and 700-hPa geopotential heights for the period 1979-2016 were analyzed. Daily composite anomalies of geopotential height at those three atmospheric levels were calculated for both winter and summer by phase of the active MJO. Daily geopotential heights were converted to standard anomalies by subtracting the long-term mean for the 31-day period centered on each day, and then dividing that anomaly by the long-term standard deviation for the same 31-day period. Those daily standard anomalies were then binned by RMM phase and averaged. Anomalies for each MJO phase were tested for statistical significance using a two-tailed Student's t test at each grid point, with the null hypothesis that there was no difference between active MJO and the long-term mean, following the methodology of Barrett et al. (2015) . Anomalies that were statistically significant at the 95% confidence level were retained. Finally, results from June and December are presented, as they are representative of conditions in austral winter and summer, respectively.
To assess temporal lags between the MJO and the Antarctic atmosphere, standard absolute anomalies (SAAs) were calculated by dividing the absolute value of the daily anomaly (calculated as above) by the standard deviation. Statistically significant SAAs were then binned by MJO phase and averaged over 5 different latitudinal bands (across all longitudes), to assess the association between the Antarctic atmosphere in a particular latitudinal band to MJO at time lags from 0 to 30 days after MJO convection. To prevent overweighting of the higher latitudes (whose grid points cover less area), a weighting function cos(u), where u is the latitude of the grid point, was applied to each height anomaly. The analysis primarily focuses on the 508-658S latitudinal band, as the geopotential heights in that band have the largest variance in both June and December (Fig. 1) . To investigate sensitivity of the MJO-Antarctic atmosphere relationship, four other latitudinal bands were also analyzed: 458-658S, 558-658S, 558-708S, and 558-808S, and anomalies in those bands were weighted by latitude using the method described above. Finally, height anomalies in each latitudinal band and at each pressure level were separated into their positive and negative components for each phase to assess the extent to which the height anomalies are evenly distributed at each lag and MJO phase, or if there is a tendency for more positive or negative height anomalies.
Results

a. Lag association between MJO and the Antarctic atmosphere
To assess the temporal lag in geopotential heights in the Antarctic region after an active MJO event, the latitudinal band of 508-658S first was considered. During June (austral winter), positive and negative standard anomalies of lagged 500-hPa geopotential height for all MJO phases reveal a slowly evolving association with the atmosphere, with differences noted for both MJO phase and lag duration (Fig. 2) . For example, after active MJO phase-8 occurrences (when MJO convection is over the Western Hemisphere), the Antarctic atmosphere tends to be dominated by positive height anomalies at nearly all temporal lags from 0 to 30 days (Fig. 2h) . In contrast, height anomalies concurrent with and after MJO phase-3 events (when MJO convection is over the Indian Ocean) tend toward more negative anomalies (Fig. 2c) . For some phases, greater magnitude negative (positive) height anomalies tend to lead (lag) similar increase magnitude anomalies in the opposite sign, as can be seen from the positive anomalies 5 days after phase 2 (when MJO convection is over the Indian Ocean), that subsequently weaken and turn more negative by 10 days after phase 2 (Fig. 2b) . This pattern again can be seen after phase 7 (when MJO convection is over the western Pacific), with negative anomalies 5-7 days after phase 7 that weaken and turn more positive by 10 days after phase 7 (Fig. 2g) .
For all MJO phases in June, the atmosphere tends toward both positive and negative height anomalies in the 508-658S latitudinal band. The time lag associated with the largest magnitude height anomalies varies by phase, with some phases have multiple peak lags for both positive and negative standard anomalies. For example, a peak in height anomalies occurs approximately 5 days after MJO phase-8 events (when the MJO is active over the Western Hemisphere), with another peak evident around 22 days (Fig. 2h) . Phases 6 and 7 (when MJO convection is over the western Pacific) both show peaks in negative anomalies approximately 7-9 days after active occurrences of each respective phase (Figs. 2f,g ). In contrast, phase 4, when MJO convection is over the Maritime Continent, tends toward smaller-magnitude lags, with few peaks in either positive or negative height anomalies (Fig. 2d) .
When considering time lags of the 500-hPa height field between 508 and 658S during December (austral summer), a similar story emerges: the most important time lags tend to vary by phase (Fig. 3) . In contrast to June, standard anomalies tend to be positive after phase-7, -8, and -1 events (when MJO is active over the western Pacific into the Western Hemisphere), with a consistent peak in positive anomalies 10-15 days after those phases (Figs. 2g, 2h, and 2a) . After phase 5, height anomalies tend to be smaller in magnitude and predominately negative (Fig. 3e) , which is a different anomaly pattern than after the same phase in June (Fig. 2e) . Antarctic height anomalies after MJO phase-2 and -3 events (when MJO convection is over the Indian Ocean) tend to be equally distributed between positive and negative values, displaying smaller anomaly magnitudes than all other phases during this month. After phase 4, height anomalies are more negative than positive at all time lags out to 30 days. The differences between summer and winter association between MJO and the Antarctic atmosphere is likely, at least in part, because of seasonality of the MJO itself (stronger convection in austral summer, weaker in winter), and of seasonality of the state of the Antarctic atmosphere (stronger and equatorward-displaced circulation in austral winter, weaker and poleward-displaced circulation in summer).
b. Spatial dependence of lagged Antarctic heights
The next step toward better understanding the spatial variability of the Antarctic atmosphere in the 30 days after MJO convection is to consider anomalies of 500-hPa geopotential height for all temporal lags from 0 to 30 days in four additional latitudinal bands: 458-658S, 558-658S, 558-708S, and 558-808S. Results in this subsection are presented for December phase 3 (when MJO convection is in the Indian Ocean) (Fig. 4) . Phase 3 was chosen somewhat arbitrarily, as the other seven phases in December behave similarly. Anomalies at all lags for the five different latitudinal bands (Fig. 4, top row) tend to be largely insensitive to latitudinal band size or location, although as successively higher latitudes are included, the anomalies tend to be more positive (Figs. 4h-j) . This observation is demonstrated by consistent peaks in anomalies around 5 and 20 days after MJO convection for all latitudinal bands (Figs. 4a-e) . Furthermore, positive standard anomalies (Figs. 4f-j) remain relatively consistent (at days 5 and 20), although as stated above, as successively poleward latitudes are included, height anomalies tend more positively (Figs. 4h-j) .
In addition to these five latitudinal bands at the 500-hPa level, height anomalies at 300 and 700 hPa were also considered for phase 3 in December. Those anomalies (Fig. 5) show similar tendencies across all three vertical 
levels of the troposphere. For example, clear anomaly peaks at all three tropospheric levels are evident at temporal lags of approximately 5 and 20 days after MJO phase 3. This tendency is present in both positive and negative standard anomalies, with both magnitude and lag of anomalies similar at all three atmospheric levels. This result suggests that the association between the MJO and the Antarctic atmosphere occurs coherently between 700 and 300 hPa, which is consistent with quasiand semigeostrophic adjustment of a barotropic atmosphere to Rossby wave disturbances (Carlson 1991; Bluestein 1992 ).
c. Spatiotemporal variability of the MJO-Antarctic atmosphere relationship
The next step to better understand associations between the MJO and the Antarctic atmosphere was to analyze the lagged spatiotemporal variability of 500-hPa geopotential height anomalies in the 508-658S latitudinal band over 30 days for both June and December. During December, statistically significant (at the 95th percentile) height anomalies tend to organize into an approximate wavenumber-4 pattern (Fig. 6 ). Phases 6, 7, and 8, in particular, display alternating positive and negative regions of standard anomalies in wavenumber 4, with minimal eastward longitudinal progression over most of the 30-day period. Those patterns are associated with MJO convection in the Western Hemisphere and western Pacific. The tendency of height anomalies after phases 6-8 to remain over the same approximate longitudes is suggestive that MJO convection is associated with a blockingtype circulation pattern in the higher latitudes (e.g., Oliveira et al. 2014) . This is particularly evident after phase 7, where positive height anomalies tend to center around 08, 1008, 2108, and 2908 longitude (supporting a wavenumber-4 anomaly pattern) (Figs. 7a-d ) and move slowly for FIG. 6 . Hovmöller of December mean geopotential height anomalies at 500 hPa (m), where each of the 31 strips of the y axis is the latitudinal band 508-658S for all longitudes at 0-30-day temporal lags. MJO phases (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5, (g) 6, (h) 7, and (i) 8, where phase 0 refers to inactive MJO occurrences. Lagged anomalies are stacked vertically in each panel, with time increasing along the y axis, such that the anomalies at 508S for one time step are located adjacent to the anomalies at 658S for the following time step. Only height anomalies statistically significantly different from zero at the 95% level are shown. Sample size for each phase is given in Fig. 2. 0-12 days after phase 7. This was seen in Fig. 3g , with consistent positive standard anomalies from days 0 to 12. Those anomaly centers then tend to exhibit eastward progression 14-28 days after phase 7 (Figs. 7e-h ) and weaken, in agreement with the decline in positive standard anomalies seen in Fig. 3g . In contrast to phases 6-8, phases 3-5 (when MJO convection is over the Indian Ocean and Maritime Continent) show weaker and more progressive, eastward-moving anomaly centers. Finally, near-zero anomalous height values are evident after inactive MJO (phase 0) events.
In comparison with December, the geographical pattern of time-lagged June height anomalies by MJO phase tends toward wavenumber 3 (Fig. 8) , which is one wavenumber lower than in December. Additionally, in contrast to the persistent anomaly locations with little eastward progression in December, June height anomalies tend to organize into progressive centers that traverse up to 2008 longitude over the 30-day period following MJO convection. This is particularly evident after phase 6 (when convection is centered over the western Pacific Ocean) (Fig. 8i) . A positive anomaly center at approximately 1608 slowly develops from days 0 to 4 (Figs. 9a,b) , grows larger by day 8 (Fig. 9c) , and begins progressing eastward through days 12-16 (Figs. 9d,e) , reaching 3008 by day 28 (Fig. 9h) .
Summary and conclusions
The goal of this study was to further examine the timelagged response of Southern Hemisphere tropospheric circulation to tropical MJO forcing, with specific focus on the mid-to high-latitudinal belt associated with some of the strongest variability of the Antarctic atmosphere. The major findings are as follows. First, height anomalies in the Antarctic atmosphere lag convection associated with the Madden-Julian oscillation by up to 30 days. The time lag with strongest height anomalies depends on both the location of the MJO convection (e.g., the MJO phase) and the season. For example, in austral summer, peaks in 500-hPa height anomalies from 5 to 7 days, and again from 15 to 20 days, occur after convection over the Indian Ocean (phases 2 and 3; Fig. 3 ). The latter of these two identified temporal lags (15-20 days) supports previous work by Fauchereau et al. (2016) . However, in austral winter, peaks in 500-hPa height anomalies after convection over the Indian Ocean (phases 2 and 3) occur after 3-5 days, and again after 25 days (Fig. 2) . The second major result is that lagged height anomalies in the Antarctic atmosphere are fairly consistent across different vertical levels (e.g., anomaly patterns at 300, 500, and 700 hPa resembled one another) and latitudinal bands (e.g., anomaly patterns at different bands from 458 to 808S resembled one another). The third major result is that lagged height anomalies after phases 6-8 in December (when the active MJO extends from the western Pacific into the Western Hemisphere) resembled blocking patterns, with anomaly centers in an approximate wavenumber-4 arrangement. Because troposphere blocking patterns have significant implications for weather, and particularly for extreme weather, in the Antarctic and Southern FIG. 7 . Geopotential height anomalies at 500 hPa (m) at 4-day lag intervals (a)-(h) from lag 0 to 28 for MJO phase 7in December. Significance at the 95% level is indicated by the stippled areas. Each lag comprises 55 days. Sample size for each phase is given in Fig. 3 .
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Hemisphere (Trenberth and Mo 1985; Massom et al. 2004; Massom et al. 2006; Berrisford et al. 2007; Pook et al. 2013; Damião Mendes and Cavalcanti 2014; Oliveira et al. 2014) , this association between blocking and the MJO is particularly important. Other phases in December (e.g., phases 1-4, when convection extends FIG. 8 . As in Fig. 6 , but for June. Sample size for each phase is given in Fig. 2.   FIG. 9 . As in Fig. 7 , but for June. Each lag comprises 105 days.
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from the Indian Ocean into the Maritime Continent) tend to be associated with more eastward-progressive height anomaly patterns. In June, phases 1-4 tend also to be associated with anomaly patterns that generally progress eastward. However, blocking was evident for up to 10 days after phases 5-7 (when convection is over the Maritime Continent and western Pacific Ocean), and after phase 8 (when the MJO is active over the Western Hemisphere), a blocking pattern from days 15 to 30 develops over much of the South Pacific from 1008 to 2508. It is important to note that the current study focuses on the association between active MJO and subsequent atmospheric height tendencies in the Antarctic troposphere. The height anomalies are identified via atmospheric composites, and while they are often statistically significantly at and beyond the 95th percentile, this study did not examine the pathway between the tropics and extratropics, nor did it explore the complex dynamics of how the association between the MJO and the Antarctic atmosphere evolved. One possible way to explore attribution, and one that is suggested for future work, is to use idealized general circulation models to place MJOlike diabatic heat sources in the tropics and see how the extratropics respond. Another extension of this work would be to explore the cumulative impacts of both MJO and ENSO on Southern Hemisphere extratropical geopotential heights and circulation.
